Agricultural water use includes a continuum from purely rainfed to fully irrigated systems. Growing pressures on limited water supplies from domestic, industrial, and environmental uses will likely lead to a decline in water availability for food production. Similarly, income growth and urbanization lead to dietary shift s that require more water resources per calorie consumed, putting further pressures on water supplies. As a result, semiarid and arid countries continue to increase net imports of food. Crop water use for sugarcane (Saccharum offi cinarum L.), maize (Zea mays L.), soybean [Glycine max (L.) Merr.], and fruits are expected to grow over time, whereas water use for wheat (Triticum aestivum L.) and rice (Oryza sativa L.) are expected to decline aft er 2030. Th ese projections include substantial improvements in water use effi ciency at the fi eld, farm, and river basin scale over the coming decades in response to growing water scarcity. If these effi ciency improvements are not achieved, future crop water demands would be even larger. Although water resources are a key limiting factor for future food security, policy and investment options to reduce agricultural water use exist on both the water supply and demand side; but political will and ingenuity are needed for their implementation.
Most global freshwater withdrawals are used in agriculture and the availability of water for agriculture directly determines the availability of food. Irrigated agriculture accounts for approximately 70% of the world's freshwater withdrawals and 90% of consumptive use. At the same time, most food globally is still produced from soil moisture from precipitation, even in irrigated areas. Irrigation water sources only dominate in dry areas, such as the Middle East and North Africa and in many cases during the dry seasons (Sulser et al., 2010) . And although much has been written about improving water use effi ciency in irrigated agriculture, many measures are in place globally to improve precipitation capture on rainfed fi elds. Examples include soil and stone bunds or terracing in Ethiopia (Kato et al., 2011) and no-till, which is widely practiced in the United States and parts of South America, and improves water infi ltration and reduces evaporation. Th us, there is a continuum of water use in agriculture ranging from purely rainfed to purely irrigated. As yields of irrigated cereals in developing countries tend to be 60% higher, on average, than rainfed yields food security measures oft en include an element of irrigation development and improvement, ideally in combination with other agricultural inputs, in particular, fertilizers and improved seed (Rosegrant et al., 2009) .
Given that water supply growth is limited but domestic, and industrial, and livestock water demands are increasing rapidly, a signifi cant share of the additional water for these sectors will need to come from irrigation (Rosegrant and Ringler, 2000) . Th is transfer is expected to lead to growing pressure on irrigation water sources and has already led to declines in irrigation water availability in parts of China and in some countries in the Middle East and North Africa region. Other drivers that are aff ecting water use for agriculture include competition for water from biofuel production, for example, for sugarcane or maize as well as increased demand for energy production from hydropower, which might improve or reduce irrigation water availability, depending on the location and timing of generation capacity, and water use for thermoelectric power generation. Finally, climate variability and climate change, including both more extreme events and higher temperatures are increasing pressure on total and agricultural water demands (Ringler, 2011) .
As a result, countries where rainfall is limiting for agricultural production and surface and groundwater resources are too scarce for further irrigation development increasingly rely on net imports of food. Examples are the Middle East and North Africa region where net cereal imports have grown more or less proportionally with growing incomes and populations from about 10 million Mg in 1970 to 50 million Mg in 2009 (see Fig. 1 ).
Importantly, water demands vary signifi cantly among crops. Sugarcane and rice are two crops with particularly high water demands, for example. Crop water use is further related to geographical location, i.e., where the crop is grown, soils, planting dates, crop variety, but also management practices and other crop inputs. As such, actual crop water use can vary widely for the same crop. Although direct livestock water use is relatively low, the indirect use of rainfall and irrigation water for the production of animal feed is rapidly growing as a result of the continued growth and intensification of livestock production, particularly in developing countries. In particular, beef production is becoming increasingly water-intensive due to the rapidly growing use of maize as livestock feed. For example, in 2009, 54% of global maize production was used as animal feed; and the United States 1 and China together accounted for more than half of global maize use as animal feed. Moreover, out of 175 countries with maize use listed in FAOSTAT for 2009, 92 used more than half of the crop to feed animals (FAOSTAT, 2014) .
foods consuMed and iMPlications
for agricultural water use Despite the rapid increase in use of maize and selected other grains as animal feed, and despite the rapid growth of human consumption of livestock products, globally, direct use of cereals as food-chiefly wheat, rice, and maize-will likely continue to account for more than 40% of calories consumed, with wealthier populations moving out of staple cereals and into meats and milk and vegetables and relatively poorer societies moving into staple cereals (and out of roots and tubers) while also increasing their consumption levels overall (Rosegrant et al., 2013) .
As Table 1 shows, in 2005 rice and wheat each accounted for more than 500 kcal d -1 for the world's average consumer, or 39% of total calorie availability of key food commodities of 2761 kcal d -1 estimated for 2005. Oils were the third largest food item in terms of calories contributed, followed by sugar, milk and butter, and maize. For low-income developing countries, with an average calorie availability of 2117 kcal capita -1 and day -1 , the rank order is somewhat different. Here, the top ranked commoditiesrice, maize, and cassava (Manihot esculenta Crantz)-account for 48% of total calorie availability.
China is a good example of the changes that are taking place in dietary intakes as countries develop, incomes increase, and populations urbanize. China, which in 2010 accounted for one-fifth of the global population, has experienced very rapid economic growth, driving increases in average food availability levels and also inducing a shift away from the consumption of cereals as direct food toward the increased consumption of meats, milk, vegetables, and oils. As can be seen in Fig. 2 , overall calorie availability in China increased by 19% during 1990-2009 . During the same timeframe, the Chinese population, on average, reduced direct intake of cereals from 64 to 48% of total calorie availability, while calories contributed from meats more than doubled, and those from vegetables almost tripled. Clearly, water use in agriculture in China (and elsewhere) increased not only as a result of the growing population and income-growth driven food accessibility, but also due to dietary changes related to income growth and urbanization.
One illustrative way to show the water content of food and agricultural-based commodities is the water footprint. The water footprint is one of several environmental footprints that were popularized in the early 2000s as a result of growing natural resource scarcity, poor governance of these resources, and limited knowledge of the relative carbon/water and other natural resources embedded in our goods and services. According to Hoekstra et al. (2011) , "The water footprint of a product is defined as the total volume of fresh water that is used directly or indirectly to produce the product. It is estimated by considering water consumption and pollution in all steps of the production chain." The major innovation, but also the challenge, of the water footprint concept is to accurately measure how much water is used at different steps along the production process, which is particularly challenging in today's often globalized value chains. Hoekstra et al. (2011) estimate a blue (from water withdrawals), green (precipitation), and grey (dilution requirement from water pollution) component of the water footprint. Results for the three main cereals are shown in Table 2 used by Hoekstra et al. and because Hoekstra et al. adds a water dilution component. The second major difference is that the Hoekstra et al. (2011) data find irrigated systems to be more water use efficient (less m 3 of water Mg -1 of cereals produced) than rainfed systems. The IFPRI data shows the opposite for wheat and maize, because in many developing countries full irrigation water demands cannot always be met, reducing yields and production; and when demands can be met, water is often over-supplied due to lack of farmer control over supplies, whereas in highly developed rainfed systems, such as those found in Europe and the United States, rainfed yields are generally very high and rainfall is adequate, keeping water use per kilogram of yield achieved at lower levels.
Of much higher popular interest, because of the striking values, is the water footprint of other food items, e.g., a steak, a cotton t-shirt, or a soft drink. For example, Ercin et al. (2011) estimate the water footprint of a 0.5-L soft drink with a sugar content of 50 g at 169 to 309 L bottle -1 , depending chiefly on the origin of the sugar. For this product, close to 100% of the total water footprint is accounted for in the supply chain and not the actual direct product (the 0.5 L of water in the bottle). Other striking examples include one t-shirt (2720 L of water) and one pair of cotton jeans (10,850 L of water) (Chapagain et al., 2006) ; or 1 kg of beef (15,415 L of water) (Mekonnen and Hoekstra 2010 ). This concept is thus extremely useful in alerting the general public on the high water values embedded in items of daily use in and beyond food items.
future food deMand and croP water use Food consumption growth largely determines the pace at which food supply has to evolve to keep up with the domestic and export demand for agricultural goods. Little research has been conducted on the impact of changing consumption patterns on water resources. To illustrate how the medium-to long-term evolution of food demand affects crop water use, we draw on results from IFPRI's IMPACT (International Model for Policy analysis of Agricultural Commodities and Trade) model . Figure 3 presents projected changes in future meat consumption (2010-2050) for key developing regions and the group of developed countries. The largest increase in per capita meat consumption is expected to occur in the East Asia and Pacific region, at a very high 23 kg capita -1 , followed by the Latin America and the Caribbean region at 15 kg capita -1 . Per capita consumption is expected to remain lowest in Sub-Saharan Africa and South Asia. Table 3 presents information on changes in per capita food consumption projected for 2030 and 2050. Globally, per capita consumption of most commodities is expected to increase with the exception of pork, rice, and sweet potato [Ipomoea batatas (L.) Lam.] . What are the implications for global water in agriculture from these changes in dietary patterns? Figure 4 presents global crop water consumption by irrigated and rainfed crops for the 10 crops with largest global water use in 2010. Total irrigation water consumption for these 10 crops was estimated at 1300 km 3 , precipitation on irrigated areas at a further 870 km 3 , and precipitation on rainfed areas at about 2300 km 3 . Globally, rice is estimated to consume the largest amount of all water sources, at 1123 km 3 , followed by wheat at 696 km 3 and maize at 641 km 3 . Rice and wheat are also the two crops with the largest global irrigation water consumption. Third in terms of irrigation water consumption is sugarcane, followed by maize and cotton.
On a per-hectare basis, on the other hand, sugarcane globally uses the largest amount of total water per hectare, at close to 15,000 m 3 ha -1 , followed by sub-tropical fruits at more than 9000 m 3 ha -1 . Water use for rice is estimated at 7283 m 3 ha -1 , whereas maize water use is estimated at 4317 m 3 ha -1 and wheat at 2966 m 3 ha -1 (Fig. 5) . For comparison purposes, crop yield per unit of water used is often reported. Figure 6 presents these results globally for key food crops. Crop water productivity is particularly high for maize, at 1.2 kg m -3 of water in rainfed areas, with highest productivity in the high-yielding areas of the United States, compared with 1.1 kg m -3 of water for irrigated areas, again partially in the United States but also in many other areas of the world. Crop water productivity is somewhat lower for wheat, at 0.75 kg m -3 of water for irrigated wheat, much of which is produced in South Asia, compared with rainfed wheat productivities of 1.15 kg m -3 with growing areas in Europe and other temperate parts of the world. As expected, crop water productivity for rice is significantly lower compared with the other cereals, at 0.5 kg m -3 in rainfed areas, which constitute a very small area globally, and 0.6 kg m -3 in irrigated environments. Figure 7 shows changing crop water uses as a result of globally changing dietary patterns. With per capita consumption of rice as food declining slightly globally, total water use for rice production is also projected to slightly decline. On the other hand, crop water use for sugarcane, maize, soybean, and fruits is expected to grow over time. These projections include significant improvements in water use efficiency at the field, farm, and river basin scale over the coming decades in response to growing water scarcity. If these efficiency improvements would not be achieved, future crop water demands would be much larger.
However, despite improvements in technical efficiencies across all water using sectors, water scarcity is projected to continue to increase in the coming decades as a result of the many global drivers mentioned at the outset of the article, putting upward pressure on global food prices. We find that under current trends or business as usual, 52% of the global population, 49% of total cereal production, and 45% of GDP will be at risk due to water stress by 2050, up from 36% of population, 39% of total grain production, and 22% of global GDP in 2010, with water stress defined as annual water withdrawals in excess of 40% of renewable resources (IFPRI and Veolia, 2011) .
suMMarY and PolicY conclusions
Water is essential for agricultural production and irrigation has been crucial for global food security and has contributed to significant crop yield increases and saved large land areas from deforestation. At the same time, the future of irrigation and all crop water uses are threatened by increased development and use of water in the domestic and industrial sectors. Moreover, in developed countries, environmental water uses are gaining momentum, further affecting water available for food production. Other important claimants on water resources include biofuels and energy production. Finally, water pollution and climate change are threatening water availability for food production. Food production will need to increase by an estimated 70% between 2005 and 2050 to meet growing food demands. However, under business-as-usual, this can only be achieved at higher food prices, reducing access to food for the poorest.
Much of the growth in water use for food production will be driven by the rapidly growing middle class in much of Asia, Latin America, and parts of Africa. The populations in these countries are becoming increasingly wealthy and urbanized, with more globalized diets that increasingly resemble those of Europe and the United States. As a result, per capita consumption of vegetables, meat products, milk, and sugars is increasing while consumption of cassava, rice, and maize as food is declining. At the same time, maize is increasingly used as animal feed with a much larger total water footprint compared with direct consumption of cereals.
At the same time, unsustainable groundwater use in irrigation has become a growing concern, given that approximately 20% of global gross irrigation water demand is met by nonrenewable groundwater abstraction (Wada et al., 2012) . Wada et al. also suggest that the use of nonrenewable groundwater use for irrigation more than tripled from 1960 to 2000. Similarly, water quality is a second slow-onset water supply crisis that will increasingly affect all water-using sectors with some irreversible outcomes. Key avenues to reduce the pressure on growing water scarcity for food production include increased water use efficiency at the field, irrigation system, and basin scale through regulatory measures, better institutions and management practices, and economic incentives. Although water pricing has been highly successful for reducing demand in the domestic and industrial water sectors, for irrigation, zero or very low levels of water prices are common. This is due to limited control over surface water flows by farmers, because higher water prices would price farmers out of irrigated agriculture for staple crops, due to the high costs of metering and monitoring, and due to longstanding practice and cultural and religious beliefs that have treated water as a free good .
Water markets underpinned by secure water rights and an enabling legal and regulatory environment can empower water users by requiring user consent to any reallocation of water, and compensating the user for any water transferred. Moreover, a properly managed system of tradable water rights could provide incentives for water users to internalize (take account of) the external costs imposed by their water use, reducing the pressure to degrade resources (Rosegrant and Binswanger, 1994 ). An alternative system to implement incentives in water allocation would be to pay farmers to use less water (Rosegrant et al., 2005) .
Other important avenues for water savings in agriculture include crop breeding toward more water-conserving crops, expanded use of water-saving technologies such as laser land leveling and precision agriculture, and development of new water resources, particularly through the construction of new reservoirs or better use of groundwater storage.
Thus, although water resources are a key limiting factor for future food security, feasible policies, institutions, and investments to reduce agricultural water use are available for both the supply and demand site, and the potential for additional innovations is large. Importantly, all water-conserving strategies-be it new infrastructure, new crop varieties or other technologies, institutional change, or irrigation water pricinghave significant lag times and many are costly to implement. It is therefore important to work on these water-saving technologies today to enhance food security for future generations. 
